Background: A neuroprotective effect of dietary antioxidants on Parkinson's disease (PD) risk has been suggested, but epidemiological evidence is limited. Objectives: To examine the associations between intake of dietary antioxidant vitamins and total antioxidant capacity and risk of PD. Methods: We prospectively assessed the relationships of dietary antioxidant vitamins C and E, ß-carotene, and total antioxidant capacity with PD risk in two population-based cohorts (38,937 women and 45,837 men). Results: During a mean 14.9-year follow-up period, 1,329 PD cases were identified. Dietary intake of ß-carotene was associated with a lower risk of PD (hazard ratio: 0.86; 95% confidence interval: 0.78-0.95; P trend < 0.01 for women and hazard ratio: 0.91; 95% confidence interval: 0.84-0.99; P trend 5 0.05 for men). An inverse association between dietary vitamin E and PD risk was found in women (hazard ratio: 0.87; 95% confidence interval: 0.79-0.96; P trend 5 0.02). Dietary intake of vitamin C was inversely associated with PD risk in women at borderline significance (hazard ratio: 0.91; 95% confidence interval: 0.83-1.00; P trend 5 0.04). There was no association between dietary total antioxidant capacity and PD risk in either women (hazard ratio: 0.93; 95% confidence interval: 0.84-1.02; P trend 5 0.35) or men (hazard ratio: 1.00; 95% confidence interval: 0.93-1.07; P trend 5 0.97). Conclusion: Intake of dietary vitamin E and ß-carotene was associated with a lower risk of PD.
Dietary antioxidants including vitamin C, E, and carotenoids have been suggested as neuroprotective agents for Parkinson's disease (PD) based on their property of reducing oxidative damage. 1 Epidemiological evidence for a neuroprotective effect of dietary antioxidants on PD risk is, however, largely limited and inconsistent. 2, 3 In addition, although not only vitamin C, E, and carotenes, but also several other compounds are dietary antioxidants, no previous study has yet examined the role of total dietary antioxidants on PD risk.
In this study, we estimated total antioxidant capacity (TAC) in a single estimate by taking into account summed effects of compounds from all relevant dietary antioxidants in the foods. We prospectively investigated the relationship of TAC, as well as the individual dietary antioxidant vitamins C and E and ß-carotene, with PD risk in two population-based cohorts.
Materials and Methods

Study Population
We used data from the Swedish Mammography Cohort (SMC) and the Cohort of Swedish Men (COSM). In brief, the SMC was created to investigate the relationship of dietary and hormonal factors with breast cancer risk in all women born between 1914 and 1948 and living in the V€ astmanland and Uppsala counties in central Sweden. Those who were still alive and living in the area were contacted and completed a 350-item mailed questionnaire asking about lifestyle and other risk factors for noncommunicable diseases during the late autumn of 1997 (n 5 38,984; 70% response rate). The COSM consists of all men who were born between 1918 and 1952 and lived in the V€ astmanland and € Orebro counties in 1997. They answered a questionnaire identical to the one used in SMC, except for some sex-specific questions (n 5 45,906; 49% response rate).
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After exclusion of prevalent PD cases (n 5 116), in total 84,774 participants (38,937 women and 45,837 men) who were alive at start of follow-up were included in this study. Baseline was 15 September 1997 for the SMC and 1 January 1998 for the COSM. The present study was approved by the Regional Ethics Review Board in Stockholm, Sweden.
Assessment of Dietary Antioxidants, TAC, and Covariates
In both SMC and COSM baseline questionnaires, a 96-item food frequency questionnaire (FFQ) tailored to the Swedish diet was used to assess the participants' dietary habits. The FFQ was a part of the 350-item mailed questionnaire. Participants were required to report their exact consumption per day or per week for each type of food component during the past year.
Intake of dietary antioxidant vitamins C and E and ß-carotene was calculated by multiplying the mean frequency of each food item by the nutrient content of ageand sex-specific portion sizes, using food composition values from the Swedish Food Administration Database. 4 Similarly, we calculated dietary TAC by multiplying the mean frequency of each food item by the oxygen radical absorbance capacity (ORAC) value (lmol Trolox equivalent/100 g) of age-and sex-specific portion sizes, by linkage to a database of the most common foods analyzed with the ORAC assay. [5] [6] [7] The TAC calculation has been described in detail elsewhere. 8 Intake of dietary antioxidant vitamins and TAC were all adjusted for total energy intake with the residual method, 9 and dietary TAC estimate was further adjusted for poor absorption of antioxidants from coffee and tea consumption. 10 The FFQs have previously been described and validated, showing a mean correlation coefficient of 0.62 between self-reported micronutrient estimates and 24-hour recall interviews 11, 12 and a correlation coefficient of 0.31 between self-reported dietary TAC and plasma ORAC values. 8 
PD Case Ascertainment
Both prevalent and incident PD cases were identified by linkage with the Swedish National Patient Register and the Cause of Death Register to obtain first-ever primary or secondary inpatient and outpatient PD diagnoses, as well as death records with PD as the underlying or contributing cause of death. Both cohorts were completely linked to these national registers. The Swedish revision of the International Classification of Diseases (ICD) codes were used for PD diagnoses: 350 (ICD-7, 1964-68), 342 (ICD-8, 1969-86), 332.0 (ICD-9, 1987-96), and G20 (ICD- 10, [1997] [1998] [1999] [2000] [2001] [2002] [2003] [2004] [2005] [2006] [2007] [2008] [2009] [2010] [2011] [2012] [2013] [2014] . A previous validation study reported a positive predictive value of 70.8% and a sensitivity of 72.7%, comparing hospital discharge diagnoses of PD in the registers against clinical diagnoses.
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Statistical Analysis
All participants were followed from baseline until date of PD diagnosis, death, or end of follow-up (31 December 2014), whichever came first. A Cox proportional hazard regression model with attained age as underlying time scale was used to estimate relative risks as hazard ratios (HRs) with 95% confidence intervals (CIs). We stratified the analyses by sex. Intake of dietary antioxidant vitamins and TAC were first categorized into quartiles and analyzed with the lowest category as the reference group. Trend analyses were conducted using the median of each exposure category as a single ordinal variable in the model. Then, we performed analyses for the intake of dietary antioxidant vitamins and TAC as continuous variables, using an approximate value of 1 standard deviation (SD) of the mean dietary intake in the study population as per unit.
We adjusted for potential confounders in the multivariable model, including smoking status (never, former, or current smokers), intake of alcohol from all types of alcoholic beverage (ethanol, g/day) and coffee (g/day), body mass index (BMI; low, < 18. , highest achieved level of education (compulsory school, secondary or high school, and university or above), multivitamin supplement use (never/ sometimes/regular), and total energy intake (kcal/day). To address the possibility of preclinical PD at baseline, we also performed lag-time analyses by excluding the first 4 and then the first 8 years of follow up. Given that smoking is the most consistent variable related to PD risk, to better control for potential residual confounding by smoking, we further conducted sensitivity analyses stratified by smoking status. All statistical analyses were performed in R software (version 3.2.3; R Foundation for Statistical Computing, Vienna, Austria).
Results
Participants' baseline characteristics are presented in Table 1 . Individuals with higher intake of dietary antioxidant vitamins and TAC were less likely to be current smokers, but more likely to have 12 years of education and to use multivitamin supplements regularly. On average, men had higher vitamin E intake, dietary TAC and total energy intake, and drank more alcohol and coffee than women. During a mean 14.9-year (SD, 4.1) follow-up period, 1,329 incident PD cases were identified (518 women and 811 men). Incidence of PD increased with age and was lower for smokers than nonsmokers for both women (incidence rate ratio [IRR]: 0.52; 95% CI: 0.43-0.63) and men (IRR, 0.68; 95% CI: 0.59-0.79). Mean age at PD diagnosis was 75.7 years (SD, 7.8) for women and 74.6 years (SD, 7.8) for men. TAC is an index score measured in micromole Trolox equivalents (TE) with the oxygen radical capacity absorbance assay, based on individual answers from FFQ. Percentages may not add up to 100% because of rounding.
a Age-standardized values are presented in means 6 SD and based on the first and last quartiles of intake of dietary antioxidants.
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Dietary intake of ß-carotene was associated with a lower risk of PD in both women and men (Table 2) . There was an inverse association between dietary intake of vitamin E and PD risk in women, but the inverse association was only observed in men when vitamin E intake was analyzed as a continuous variable. Dietary vitamin C intake was inversely associated with PD risk in women at borderline significance. There was no association between dietary TAC and PD risk.
In the 4-year lagged sensitivity analysis, the inverse association remained significant for dietary intake of ß-carotene in both women and men and for vitamin E intake in women (Supplementary Table 1 ). Our 8-year lagged analysis showed comparable results (Supplementary Table 2 ). Results were similar in the sensitivity analyses stratified by smoking (Supplementary  Tables 3 and 4 ).
Discussion
Our results showed that dietary intake of ß-carotene was associated with a lower risk of PD. An inverse association between dietary intake of vitamin E and PD risk was found in women, but not in men. Dietary vitamin C intake was inversely associated with PD risk in women at borderline significance, but not in men. We did not observe an association between TAC and PD risk.
Few studies examined the associations between intake of dietary vitamins C, E, and ß-carotene and PD risk, with inconsistent findings from either casecontrol [14] [15] [16] [17] [18] or prospective cohort designs. [19] [20] [21] [22] The inverse association between dietary vitamin E intake and PD risk in women in our study is in line with a previous prospective study showing that intake of dietary vitamin E (from foods only), but not intake of total vitamin E (from both foods and supplements), was associated with reduced PD risk. 23 Generally, Values are presented with range in TE/day (median).
women have a lower risk of PD than men and antioxidant activity of estrogens has been suggested to protect against PD. 24 Thus, in our study, the observed inverse association for dietary intake of vitamin E intake in women, but not in men, might be attributable to an effect modification of estrogens. However, a meta-analysis of observational studies reported that both moderate and high intake of dietary vitamin E were associated with lower risk of PD. 25 In addition, the same meta-analysis reported no protective effect associated with vitamin C or ß-carotene, whereas we found that dietary ß-carotene intake was associated with lower PD risk in both women and men. Interestingly, another recent meta-analysis reported an inverse, but nonsignificant, association between dietary intake of ß-carotene and PD risk. 26 To the best of our knowledge, this is the first prospective study examining the association between dietary TAC and PD risk. The null finding between dietary TAC and PD risk might be attributed to a relatively low correlation between self-reported dietary TAC and plasma ORAC values. Another possible explanation could be that some dietary antioxidant vitamins (such as vitamin C) do not affect the risk of PD, resulting in an attenuated association between dietary TAC and PD risk when including vitamin C in the TAC estimate. A possible reason why vitamin C may not affect the risk of PD despite its antioxidant activity might be that it is water soluble and does not easily cross the blood-brain barrier. 27 The mechanisms of dopaminergic neuron death in PD and the roles of vitamin E and ß-carotene in the central nervous system have not yet been fully elucidated. However, a protective effect of vitamin E and ß-carotene on PD risk is biologically plausible through reducing oxidative damage by neutralizing the effect of oxygen free radicals, as shown from in vitro and in vivo studies. [28] [29] [30] [31] For example, our observed inverse association between dietary intake of vitamin E and PD risk could be explained by modulation of expression of the MAPT gene by vitamin E. 32 Thus, all evidence together indicates that foods rich in vitamin E and ß-carotene may protect against PD.
Strengths of our study include the population-based prospective design with long follow-up, large sample size of both sexes, use of validated nutrient measurements, and records of PD diagnosis in nationwide health registers, limiting the risks of recall bias and reverse causation. Nevertheless, our study has some limitations. Misclassification of dietary intake of antioxidant vitamins is possible, although the FFQs were validated and tailored to the Swedish diet and estimates on dietary intake from the FFQs were linked to a standard Swedish Food Administration database. 11, 12 However, in a prospective study design, such misclassification would be nondifferential, leading to bias toward the null and the true association would be stronger than the observed. The use of health registers to identify PD cases is also a limitation. A previous validation study that compared PD register diagnoses against clinical diagnoses showed that although specificity was almost perfect, misclassification between PD and other parkinsonism was common. 13 However, such misclassification would be nondifferential by exposure and theoretically lead to attenuation of the association between dietary intake of antioxidants and PD risk. It is possible that preclinical PD occurred earlier than the baseline dietary measurement and altered participants' dietary habits. For example, prodromal PD might increase consumption of fiber (for constipation), which could have masked a protective effect of vitamin C on PD risk. However, our lag-time analyses showed comparable results, suggesting that reverse causation is unlikely. Another limitation is the sex difference in response rate to the questionnaire. Other factors associated with nonresponse in men might also be related to diet and PD, but it is unclear in what direction such factors might bias our associations. It is also possible that a low correlation between TAC and plasma ORAC prevented detection of an association, even when an association exists. Therefore, a better measurement of TAC is warranted in future studies.
In conclusion, our results from two large, population-based, prospective cohorts suggest that intake of dietary vitamin E and ß-carotene was associated with a lower risk of PD. Vitamin D deficiency is frequent (41.5%) in the United States and has been reported to associate with several chronic conditions. Early cross-sectional studies reported that persons with Parkinson's disease (PD) are more deficient than the general population, 1 
